T t STUDY DESIGN: Experimental laboratory study.
T t OBJECTIVE:
To characterize the differences in lower extremity gait biomechanics in individuals who have knee osteoarthritis (OA) with and without self-reported knee instability. T t BACKGROUND: Individuals with knee OA who experience episodes of knee instability often report gait difficulties that interfere with their daily lives. A better understanding of the alterations in gait biomechanics may help to mitigate symptomatic knee instability in this patient population. T t METHODS: Seventeen participants with knee OA and self-reported knee instability and 36 participants with knee OA and no self-reported knee instability underwent instrumented gait analysis on level ground. Knee-specific symptoms and functional limitations were assessed using the Western Ontario and McMaster Universities Osteoarthritis Index. T t RESULTS: Knee instability was associated with greater odds of reporting moderate to severe gait-related pain (odds ratio = 6.0; 95% confidence interval: 1.2, 28.9) and moderate to severe difficulty when walking on flat surfaces (odds ratio = 10.7; 95% confidence interval: 1.7, 69.2). During early stance, the group with self-reported knee instability walked with a greater knee flexion excursion (P = .02) and a smaller lower extremity support moment (P<.01), due to reduced contributions from the hip extensors (P<.01) and ankle plantar flexors (P = .04). The group with self-reported knee instability also walked with a greater knee extensor contribution to the lower extremity support moment (P = .04) during the initial knee extension phase of gait compared to their counterparts with good knee stability. T t CONCLUSION: These findings suggest that self-reported knee instability is associated with significant alterations in hip, knee, and ankle joint function during the stance phase of gait in individuals with knee OA. J Orthop Sports Phys Ther 2015;45 (5) : [351] [352] [353] [354] [355] [356] [357] [358] [359] . Epub 26 Mar 2015 . doi:10.2519 /jospt.2015 T t KEY WORDS: biomechanics, kinematics, kinetics, lower extremity E pisodes of knee instability, described as sudden loss of postural support during weight bearing as a result of buckling, shifting, or giving way of the knee joint, are commonly reported in individuals with knee osteoarthritis (OA). 9, 13, 19, 26, 35 Reports from several representative cohorts from the United States, 13, 26 Australia, 9 and the Netherlands 19, 35 indicate that approximately 60% to 80% of individuals with knee OA report episodes of knee instability.
To this end, knee instability has been deemed an important and relevant independent variable related to functional limitations in individuals with knee OA, even after controlling for the effects of knee pain and muscle weakness. 13, 35 Although knee instability can occur during any weight-bearing task, at least 2 previous cohort studies have reported that most episodes of instability occur during gait. 11, 19 Therefore, better characterization of gait patterns adopted by individuals with knee OA who report episodes of knee instability may provide insight that could help guide development of approaches to minimize symptomatic knee instability in this patient population.
Schmitt and Rudolph 30 previously suggested that the presence of self-reported knee instability may be an important predictor of knee movement strategies during gait in individuals with knee OA. More specifically, comparing the sagittal plane excursions of the knee joint in individuals with knee OA to those of a control group without knee OA, the presence of self-reported knee instability was significantly associated with decreased knee motion excursion during the phases of gait the authors described as weight acceptance (control, 16.2°;
[ research report ] the loss of knee control by relying more on their hip extensors and ankle plantar flexors.
The primary objective of this study was to determine the differences in lower extremity biomechanics during gait in individuals with knee OA with and without self-reported knee instability. We hypothesized that participants with knee OA and self-reported knee instability would exhibit the following gait deviations compared to their stable-knee counterparts: (1) reduced knee flexion excursion during the early stance (ie, weight acceptance) and initial knee extension (ie, midstance) phases of gait, (2) lower knee extensor but higher hip extensor contribution to the total support moment during the early stance phase of gait, and (3) lower knee extensor but higher ankle plantar flexor contribution to the total support moment during the initial knee extension phase of gait.
METHODS

Participants
B
iomechanical data from a subsample of 53 participants recruited as part of a randomized clinical trial of exercise therapy for knee OA 12 were analyzed in this study. Participants were included in the current study if they met the 1986 American College of Rheumatology clinical criteria for knee OA 2 and had primarily medial compartment disease of grade II or greater on the Kellgren-Lawrence 18 radiographic disease severity scale. Potential participants with radiographic disease severity of grade II or greater in the lateral tibiofemoral compartment were excluded. For all participants, the knee in which they reported symptoms or episodes of instability was designated as the test knee. In cases where both knees experienced symptoms or instability, the more problematic knee, as chosen by the participant, was designated as the test knee. Participants with knee OA were then stratified into 1 of 2 mutually exclusive groups: those with self-reported knee instability (unstable tion excursion differs during normal gait on level ground between individuals with knee OA with and without self-reported knee instability was not investigated in this study and still remains unknown.
Evidence from studies of lower extremity biomechanics in unstable knees of individuals with anterior cruciate ligament (ACL) deficiency also suggests that contributions from the hip extensors and ankle plantar flexors may be important for providing knee stability during gait. While the activity of the hip extensors during early stance stabilizes the knee by tending to rotate the femur posteriorly, activity of the plantar flexors during the single-limb stance phase provides knee stability by controlling the forward rotation of the tibia. 38, 39 To this end, Rudolph and colleagues 28 reported a reduced contribution from the knee extensors, but a compensatory increase in hip extensors, to the total lower extremity support moment during the weight-acceptance phase of gait in individuals with ACLdeficient knees. Similarly, Hurd and Snyder-Mackler 17 reported that, in the unstable limb of individuals with an ACL-deficient knee, the knee extensor contribution to the total support moment is transferred to the ankle plantar flexors during the midstance phase of gait. These studies suggest that the primary strategy of compensating for a loss of knee control in the individual with an ACL-deficient knee may be a greater reliance on the hip extensors and ankle plantar flexors, which are already the primary contributors to lower extremity stability during gait. 17, 24 Although the primary cause of instability in an ACL-deficient knee and in a knee with OA is most likely different, the sudden loss of postural support in the sagittal plane as a result of buckling or giving way of the knee joint may require similar compensatory strategies for stability. To date, however, it remains unknown whether individuals with knee OA and self-reported knee instability also adopt a gait pattern similar to that of patients with ACL deficiency, who compensate for knee OA, 13.6°) and midstance (control, 20.1°; knee OA, 14.6°). 30 Similarly, previous work by the present authors has demonstrated reduced knee flexion excursion during the early stance phase of downhill gait in individuals with medial compartment knee OA and self-reports of knee instability compared to a control group without knee OA (control, 17.4°; unstable knee OA, 9.7°). 10 As knee flexion excursion during the early stance phase of gait (ie, weight acceptance) provides shock absorption through eccentric quadriceps muscle activity, reductions in knee motion excursion can have important negative consequences in terms of increased impulse loading and axial compression, potentially leading to accelerated rates of disease progression. 8, 23, 25 It is important to note, however, that the previously reported reductions in knee joint excursion during gait in individuals with knee OA and self-reported knee instability have been observed when comparisons are made to volunteers without either knee OA or self-reported knee instability. 10, 30 Given that reduced knee flexion excursion has also been reported in individuals with knee OA and no reported knee instability, 6, 7, 30 the exact contribution of self-reported knee instability to the observed reductions in knee motion excursion cannot be clearly elucidated. To this end, Schmitt and Rudolph 31 recently reported no statistically significant differences in knee joint excursion between individuals with knee OA with and without self-reports of knee instability during the phases of gait the authors described as weight acceptance (stable knee OA, 12.5°; unstable knee OA, 9.8°) and midstance (stable knee OA, 16.6°; unstable knee OA, 12.5°) using disturbed walking to challenge knee stability. Although a trend toward reduced knee motion excursion is evident in individuals with knee OA and self-reported knee instability, the small sample size of the study (10 individuals with knee OA per group) may have prevented these group differences from reaching statistical significance. Additionally, whether knee mo-dex Medical Systems, Shirley, NY) dynamometer. All tests were performed with the participant seated and the knee at 60° of flexion. A minimum of 3 trials and a maximum of 6 trials were performed. After 3 trials, when a trial had a maximum torque output less than the previous trial, strength testing was concluded. The highest maximum torque output from all trials was recorded as the knee extension strength score. To allow for between-participant comparisons, all knee extension torque values were normalized to the participant's body weight. To verify the reliability of strength measurements, the maximum voluntary isometric torque tests were repeated for 40 participants on 2 different days. These data yielded a reliability intraclass correlation coefficient (model 2,1) of 0.96 (95% confidence interval [CI]: 0.94, 0.98). In addition, knee flexion and extension range of motion was measured in degrees using standard goniometric procedures. Based on previous literature, these measurements have excellent test-retest reliability (intraclass correlation coefficient = 0.96-0.99). 27, 37 
Statistical Analysis
Independent-sample t tests and chisquare tests were used to determine group differences in demographics and medial compartment radiographic knee OA severity. Multivariable adjusted logistic regression models were used to evaluate the association between self-reported knee instability and having greater odds of experiencing pain and difficulty during gait. Self-reported pain during gait was evaluated from the response to the following question on the WOMAC pain subscale: "How much pain have you experienced over the last week while walking on flat surfaces?" Similarly, self-reported difficulty with gait was recorded from the response to the following question from the WOMAC physical function subscale: "How much difficulty have you had over the last week with walking on flat surfaces?" The answers to these questions were dichotomized into "none/mild" or "moderate/severe/extreme" and used as 6 and 40 Hz, respectively. The trajectory data from the reflective markers combined with the ground reaction forces were used to calculate the external joint moments using inverse-dynamics equations and were normalized to body mass. Lower extremity biomechanics were then quantified for 2 distinct phases of the gait cycle: (1) early stance, defined as the time between initial contact and the peak knee flexion angle; and (2) initial knee extension, defined as the time from maximum knee flexion angle to peak knee extension angle during the late stance phase of gait.
The knee joint motion excursion was defined as the maximum minus minimum joint position during the early stance and initial knee extension phases of gait. The total lower extremity support moment was also calculated for each phase of gait as a measure of stance stability and was quantified as the sum of the hip, knee, and ankle internal extensor moments, which are equal and opposite to the external flexion moments, calculated at each joint using inverse-dynamics equations (FIGURE 1). 17, 28, 40 Individual joint contributions to the support moment were then calculated as the hip, knee, and ankle joint extensor moments divided by the total support moment and were expressed as percentages.
Self-Reported Symptoms and Functional Status
The 24-item Western Ontario and Mc-Master Universities Osteoarthritis Index (WOMAC) was used to gather kneespecific information on symptoms and limitations during performance of functional tasks. The WOMAC is a valid and reliable disease-specific measure of pain, stiffness, and physical function for individuals with knee OA. 4, 5, 14, 33 Higher scores on the WOMAC indicate increased severity of symptoms or functional limitations.
Knee Extension Strength and Range of Motion
The maximum voluntary isometric torque output for knee extension was measured using a Biodex System 3 (Bio-knee, n = 17) and those with self-reported stable knees (stable knee, n = 36). Participants with knee OA were included in the unstable-knee group if they had a self-reported knee instability rating of 3 or less on a knee stability scale, indicating that the participant perceived the symptoms of knee instability as affecting the ability to perform activities of daily living. 13 The test-retest reliability of this tool has previously been determined to be adequate, with an intraclass correlation coefficient (model 2,1) of 0.72 in a population that included individuals with knee OA. 13 All data reported in this study were collected at baseline and prior to the participants receiving any intervention. All participants provided written informed consent approved by the Health Sciences Institutional Review Board of the University of Pittsburgh. The protocol for this study was approved by the Health Sciences Institutional Review Board of the University of Pittsburgh.
Gait Analysis
Participants walked along an 8.5-m vinyl-tiled walkway at a self-selected pace. An 8-camera Vicon V612 (OMG plc, Oxford, UK) motion-measurement system was used to capture 3-D motion data at a sampling rate of 120 Hz, using a Plug-in Gait (OMG plc) marker set. Two Bertec (Bertec Corporation, Columbus, OH) force platforms were used to obtain ground reaction forces at a rate of 1080 Hz and were synchronized with the motion data. An average of 5 trials at each participant's self-selected normal gait velocity were collected and averaged for analysis. Participants were instructed not to target the force platforms when walking.
Biomechanics Data Management
Analysis of gait data was performed using a custom-written code (MATLAB Version 7.0; The MathWorks, Inc, Natick, MA). Joint angle trajectories from the Plug-in Gait model and ground reaction force data were low-pass filtered (Butterworth fourth order, zero phase lag) at [ research report ] ing the initial knee extension phase of gait (P = .04), the total support moment and contributions from the hip extensors and ankle plantar flexors were not significantly different between groups (TABLE 2).
DISCUSSION
T he observation of greater knee flexion excursion during the early stance phase of gait in the group with knee OA and self-reported knee instability in our study was unexpected, during the initial knee extension phase of gait (9.4°  5.0° versus 10.6°  5.8°; P = .42) (FIGURE 1) . The unstable-knee group also walked with significantly lower total support moment (P<.01) and reduced contributions from the hip extensors (P<.01) and the ankle plantar flexors (P = .04) during the early stance phase of gait compared to their stable-knee counterparts (TABLE 2). In contrast, although a significantly greater contribution from the knee extensors to the total support moment was observed in the unstable-knee group dur-the outcome variables for the logistic regression models. This dichotomization scheme was used to identify individuals whose symptoms were severe enough to seek medical care, as most individuals seek treatment after they develop at least moderate levels of pain or difficulty with daily tasks. The associations between instability and reporting pain or difficulty with gait were expressed as adjusted odds ratios (ORs) and 95% CIs, accounting for age, sex, body mass index, and medial compartment radiographic disease severity as covariates in the model.
Comparisons of group differences in knee-specific impairments, WOMAC scores, and lower extremity biomechanics variables were performed using an analysis of covariance adjusted for sex and height. All biomechanical comparisons were also adjusted for gait speed, given the dependence of lower extremity kinematics and kinetics on this variable. 20 All statistical comparisons were performed using the Stata Version 11.2 statistical software program (StataCorp LP, College Station, TX).
RESULTS
P
articipants in the unstable-knee group were more likely to be female (65% versus 36%, P = .05); were an average of 6.2 cm shorter in height (P<.01); and had higher WOMAC pain, physical function, and stiffness subscale scores (P<.01) compared to their stableknee counterparts (TABLE 1). The results of the logistic regression analyses further revealed that self-reported knee instability was associated with greater odds of experiencing moderate/severe/extreme pain when walking (59% versus 25%; OR = 6.0; 95% CI: 1.2, 28.9; P = .03) and greater odds of reporting difficulty while walking on flat surfaces (41% versus 14%; OR = 10.7; 95% CI: 1.7, 69.2; P = .01).
The unstable-knee group demonstrated greater knee motion excursion during early stance compared to the stable-knee group (mean  SD, 15.6°  6.0° versus 12.1°  5.2°; P = .02) (FIGURE 1), but not Given that participants in both of the experimental groups in our study had knee OA with similar radiographic disease severity, the biomechanical differences observed between groups are most likely unique to the presence of self-reported knee instability and not due to common degenerative joint changes that occur solely as a result of the OA process.
In addition, the present study allowed participants to walk at their preferred self-selected gait velocity instead of at predetermined gait velocities (ranging from 0.75 to 1.34 m/s) as used in previous studies. 7, 10 Requiring individuals with knee OA to walk at velocities that are either faster or slower than their usual walking speed may result in gait patterns that the participants would not normally use in their daily lives, which could render the interpretation of the gait data difficult. As the quadriceps muscles eccentrically control the flexion excursion of the knee joint during the early stance phase of gait, it has been suggested that alterations in knee flexion excursion may be related to the strength of the quadriceps. 21 However, the lack of significant group differences in quadriceps muscle strength between the stable and unstable knee OA groups in the present study did not support this premise. Another potential explanation for the observed increase in knee flexion excursion during the early stance phase of gait in the unstable-knee group could be that higher knee flexion angles can enhance lower extremity stability during weight bearing through greater quadriceps muscle activity. 16 As such, increased knee flexion excursion during the early stance phase of gait in the unstable-knee group may be a deliberate attempt to elicit greater dynamic lower extremity stability during the ensuing initial knee extension phase of gait, when the ability for compensation to enhance stability is limited due to the entire weight of the body being supported by the stance leg. This notion is supported by the greater knee extensor moment observed during the initial knee ing gait strategy thought to improve knee stability during the early stance phase of gait in individuals with knee OA was not evident in those with unstable knees, which might have contributed to their self-reported instability.
The apparent inconsistency between the knee flexion excursion during the early stance phase of gait in the unstable-knee group in the current study and that in previous reports 10, 30 may be due to important differences in study design. For example, the current study used a comparison group that consisted of individuals with knee OA without reports of knee instability, as opposed to a control group of volunteers without either knee OA or reports of knee instability, which has been used in previous studies. 10, 30 as it differs from current theories that associate knee instability with a jointstiffening strategy. Evidence from previous studies in knees with OA or ACL deficiency suggests that individuals with unstable knees often adopt a combined strategy of lesser knee flexion excursion and greater muscular cocontraction to maintain knee stability in response to the high demands of the early stance phase of gait. 7, 17, 21, 22, 30 Interestingly, the 3.5° of greater knee flexion excursion during the early stance phase of gait observed in our unstable-knee group is similar in magnitude to the reduction in knee flexion excursion previously reported for patients with knee OA compared to OA-free control individuals. 6, 7, 30 This finding suggests that the frequently adopted knee-stiffen- [ research report ] compared to the stable-knee group. Given that the projection of the vertical ground reaction force vector is utilized in determining the hip, knee, and ankle extensor moments that make up the total support moment, we hypothesized that potential compensatory strategies to minimize the effects of the ground reaction forces on the lower extremity might have resulted in the lower total support moment in the unstable-knee group. To explore this hypothesis, we performed a post hoc analysis of the early stance peak vertical ground reaction force between the stable-knee and unstable-knee groups. This analysis revealed that individuals with knee OA and self-reported knee instability walked with a significantly lower early stance peak ground reaction force compared to their stable-knee counterparts (mean  SD, 1.0  0.1 versus 1.1  0.1 Nm/kg; P = .005) (FIGURE 2). However, this difference was small and no longer statistically significant after accounting for the slower self-selected gait speed of the group with OA and self-reported knee instability.
common in patients with knee OA, 1, 15 it is plausible that compensatory strategies aimed at reducing the demands placed on the hip extensors during the early stance phase of gait, such as a shorter step length 32 or a posterior trunk lean, 24 could have resulted in the lesser hip extensor contribution to the total support moment in the unstable group. Further research is needed to determine the exact cause of the reduced hip extensor moments in individuals with knee OA and self-reported instability. Regardless of the cause, however, it has been suggested that an important function of the hip extensors' contribution to the total support moment during the early stance phase of gait is to stabilize the femur to prevent excessive knee flexion. 39 Therefore, the greater knee flexion excursions observed during the early stance phase of gait in the unstable-knee group could have been in part due to the lack of adequate hip extensor activity. Individuals with knee OA and self-reported instability in our study also demonstrated lower total support moments extension phase of gait in our unstableknee group, which began at the end of the early stance phase of gait due to a greater knee flexion excursion (FIGURE 1) . It is interesting to note that the greater knee extensor moments in our unstable-knee group were present despite slower gait speeds, which would theoretically lead to decreased joint moments, 20 further supporting the compensatory nature of this observation.
During the initial knee extension phase of normal gait, as the center of mass moves forward and the ground reaction force moves anterior to the knee center of rotation, the knee extends passively, which diminishes the need for quadriceps activity. 24 In our unstableknee group, however, the greater knee extensor moments during the initial knee extension phase of gait denote increased quadriceps activity 29 during a time in the gait cycle when the quadriceps should be inactive. 24 This is a perplexing choice, as the greater associated joint compression 36 due to greater knee extensor moments may be responsible for the increased knee pain reported during gait in our unstable-knee group. 3, 34 In fact, closer inspection of the data provides support for this assertion, as all 10 participants in the unstable-knee group who walked with a knee extensor moment during the initial knee extension phase of gait reported having moderate to extreme pain. Of the remaining 7 participants with self-reported knee instability who did not report having pain during gait, only 3 walked with a knee extensor moment instead of the normally expected knee flexor moment during the initial knee extension phase of gait. 38, 39 Our hypothesis that the unstable-knee group would rely more on their hip extensors during the early stance phase of gait to compensate for the loss of knee control was not supported by the data. In fact, the unstable-knee group in our study demonstrated a much smaller contribution from their hip extensors to the total support moment during the early stance phase of gait. Given that hip extensor weakness is lem that may be influenced by poor proprioception; hip and ankle joint muscle weakness; as well as altered neuromuscular control strategies, such as increased muscle cocontractions; factors that were not evaluated as a part of this investigation. Additionally, given that our study only included individuals with medial compartment knee OA, the potential role and contributions of the lateral knee compartment or patellofemoral joint disease to self-reported complaints of instability remain unknown. Radiographic and dynamic frontal plane changes in lower extremity alignment and transverse plane lower extremity motion may also be related to instability in individuals with knee OA but were not considered in the current study. Future efforts should consider the potential role of these factors and their possible interactions in influencing gait biomechanics to provide a clearer picture of the relative contribution of each of these impairments to symptomatic knee instability.
CONCLUSION
T he findings of this study indicate that individuals with knee OA and self-reported knee instability experience significantly greater levels of pain and difficulty while walking on flat surfaces. Self-reported knee instability was also associated with an increased knee flexion excursion during the early stance phase of gait, a finding that differs from current theories that associate knee instability with a knee-stiffening strategy. Additionally, it appears that individuals with knee OA and self-reports of instability walk with reduced reliance on their hip extensor and ankle plantar flexor muscle groups during the stance phase of gait. t
KEY POINTS
FINDINGS: Self-reported knee instability in participants with knee OA was associated with an increased knee flexion excursion and a smaller lower extremity support moment, along with diminished unstable-knee group during this phase of gait. This finding was unexpected, as previous research in unstable ACL-deficient knees indicates that the preferred strategy of compensating for a loss of knee control during the initial knee extension phase of gait is one of greater reliance on the ankle plantar flexors, which are normally the primary contributors to limb stability during this phase of gait. 17 In our unstable-knee group, however, the preferred strategy for lower extremity stability appeared to be one of utilizing higher knee extensor moments to increase the total support moment to similar levels compared to the stable-knee OA group, despite slower gait speeds.
While greater knee extensor moment during gait may lead to enhanced lower extremity stability via greater quadriceps activity, the associated higher joint compressions 36 may also result in greater pain and put the articular cartilage at higher risk for further erosion. The greater knee extensor moments and the higher associated quadriceps muscle activity may also expose the knee joint to high compressive and shear loads that can challenge the passive stability of the knee joint in individuals with knee OA and self-reported instability. However, the improved dynamic lower extremity stability provided by greater knee extensor moments during the initial knee extension phase of gait may be necessary, as the ability for compensation is limited due to the entire weight of the body being supported by the stance limb. Therefore, this gait strategy may reflect the inability of this patient population to control lower extremity stability by any other means. Further work is needed to delineate the potential positive compensatory versus maladaptive effects of higher knee extensor moments during the initial knee extension phase of gait in individuals with knee OA and self-reported knee instability.
The findings of this study should be considered in light of its limitations. Joint instability in individuals with knee OA is most likely a multifactorial prob-Although sagittal plane joint moments and, therefore, the total support moment could also decrease in magnitude as walking speed decreases, the group differences in total support moment in our study persisted even after controlling for the potential confounding effects of gait speed. It is also plausible that the compensatory strategies that reduce hip extensor activity, which is the major contributor to the total support moment during the early stance phase of gait, might have led to the lower total support moments in the unstable-knee group. As the lower total support moment can increase the probability of experiencing an instability episode during gait, further research into determining the potential underlying causes of lower total support moment in individuals with knee OA and self-reported instability is warranted.
The hypothesis that the unstable-knee group would demonstrate a lower knee extensor contribution but higher ankle plantar flexor contribution to the total support moment during the initial knee extension phase of gait to compensate for the loss of knee control was also not supported by the data. Although the total support moment was not significantly different between groups, a much higher knee extensor contribution to the total support moment was observed in the stability contributions from the hip extensors during the early stance phase of gait. Additionally, the presence of selfreported instability was associated with increased knee extensor contribution to the total support moment during the initial knee extension phase of gait. IMPLICATIONS: The observed deviations in gait biomechanics in individuals with knee OA and instability may be related to their increased self-reported levels of pain and difficulty during gait. CAUTION: Joint instability in individuals with knee OA is most likely a multifactorial issue, with contributions from a number of impairments that were not considered in this study. Additional research is needed to better understand all of the contributing factors to symptomatic knee instability and their potential interactions.
